Purpose: Whole-exome sequencing (WES) has revolutionized Mendelian diagnostics, however, there is no consensus on the timing of data review in undiagnosed individuals and only preliminary data on the cost-effectiveness of this technology. We aimed to assess the utility of WES data reanalysis for diagnosis in Mendelian disorders and to analyze the cost-effectiveness of this technology compared with a traditional diagnostic pathway.
INTRODUCTION
Mendelian disorders have a major impact on families, occurring at a population frequency of at least 1%, 1 for a worldwide incidence per year of 1.35 million births. 2 These disorders require complex management and are clinically and genetically heterogeneous, making a molecular diagnosis challenging. This can lead to a lengthy diagnostic journey for patients who often remain undiagnosed. Next-generation sequencing technologies such as whole-exome sequencing (WES) have introduced powerful tools to identify the molecular etiology of Mendelian disorders, 3 enabling improved diagnosis over traditional testing methodologies.
The early availability of WES reduces avoidable and invasive investigations and limits diagnostic odysseys.
Significant cost savings have already been reported with appropriate use of next-generation sequencing 4 when applied to Mendelian disorders. [5] [6] [7] [8] However, whether whole-genome sequencing (WGS) or WES is the most cost-effective genomic diagnostic technology remains unresolved. Despite the potential for WGS to improve copy-number variant detection, test cost has remained a barrier to the routine adoption of this technology over WES. 9 Reanalysis of WES data could improve diagnostic rates in patients without an initial molecular etiology, 10, 11 however, there is no established timeframe for reanalysis. We therefore performed WES in a cohort of 54 patients from Australia with a variety of likely Mendelian disorders to assess both the 1 clinical utility and reanalysis diagnostic potential of WES. The diagnostic success was improved following reanalysis of WES data 12 months after the initial assessment, and highlighted the contributing factors that will be important for future development of reanalysis strategies. Through a health economics comparison analysis of diagnostic costs between a WES strategy and a traditional diagnostic approach we demonstrate the potential cost savings of WES. We expect this will help to inform genomic diagnostic choices in the healthcare setting.
MATERIALS AND METHODS

Cohort ascertainment
Patients were recruited through clinical genetics units in New South Wales (NSW) from July 2013 to July 2014. The selection criteria included a distinctive phenotype likely to have a monogenic etiology, a family structure consistent with Mendelian inheritance, availability of relevant family members for testing, the provision of consent for genomic testing, and no known genetic etiology. Prior diagnostic investigations had all been negative (examples in Supplementary Table S1 online) including chromosome microarray in patients with intellectual disability (ID). Fifty-four affected individuals, unaffected parents, or other affected relatives from 37 families underwent WES following informed consent. 
WES and bioinformatics analysis
DNA was extracted from EDTA blood. WES was performed using a Nextera extended exome kit or a NimbleGen (Madison, WI) VCRome rapid capture expanded exome kit, with libraries analyzed on Illumina (San Diego, CA, USA) HiSeq2500 instruments. Reads were aligned to the Human Reference Sequence hs37d5 using the Burrows-Wheeler Aligner (BWA-MEM; v0.7.12-r1039), followed by indel realignment and base quality score recalibration. Single-nucleotide and short insertion/ deletion variants were identified using the GATK HaplotypeCaller (v3.3). Variant quality was assessed using variant quality score recalibration, then annotated using the Ensembl Variant Effect Predictor (http://www.ensembl.org/info/docs/tools/vep/ index.html) including data from the 1000 Genomes Project (http://www.internationalgenome.org/), the Exome Variant Server database (ESP6500SI-V2; http://evs.gs.washington.edu/EVS/), the Exome Aggregation Consortium (http://exac.broadinstitute. org/), the Combined Annotation Dependent Depletion (CADD) database, 12 OMIM (http://omim.org), and Orphanet (http:// www.orpha.net/). Gender and familial relationship quality control steps were performed including the calculation of the coefficient of inbreeding and XY genotyping using the KING and PLINK software packages.
Annotated variants were converted into a searchable SQL databases using the GEnome MINIng (GEMINI) software. 13 Interpretation of variants was limited to those annotated by Variant Effect Predictor, which in practice are the coding exons and their flanking 10 bases within introns.
Variant filtering and prioritization
Variants were filtered and prioritized by a clinical geneticist according to pedigree structure; however, all possible Mendelian inheritance patterns were assessed for each family. Variants were discarded if at a minor allele frequency of greater than 1% in population databases or in-house WES controls, or predicted to have a low impact on protein function by the GEMINI software. When assessing rare heterozygous variants for a de novo model, initial analysis was limited to those variants unique to the proband(s). Candidate variants were further assessed for pathogenicity using in silico prediction tools (SIFT, PolyPhen2, PROVEAN, CADD). 12, 14 Homozygous regions were identified in consanguineous families using HomozygosityMapper 15 from either singlenucleotide polymorphism array data or WES VCF files. Variants were reviewed for their quality and underlying genomic architecture by uploading BAM files into the Integrative Genomics Viewer. 16 Variants were reviewed by genetic pathologists utilizing the American College of Medical Genetics and Genomics guidelines 17 and considered pathogenic based on adequate phenotype-genotype correlation in genes with published gene-disease evidence that included functional data and probands from separate families. Pathogenic variants identified by WES were frequently discussed by a multidisciplinary team and validated by Sanger sequencing on stored patient and parental samples.
12-month variant reanalysis
Repeat analysis in undiagnosed families was undertaken at 12 months following initial analysis. This timeframe was selected to take into account the clinical diagnostic resources required for reanalysis of a cohort of this size and was also based on a typical clinical genetics review cycle. Bioinformatics pipeline alterations included GEMINI and GATK (2.8 to 3.3) software updates, an increase in joint calling batch size, and development of an in-house variant-filtering platform, Seave, as a graphical user interface for GEMINI to streamline variant filtering and monthly updated gene lists from OMIM and Orphanet.
Economic analysis
Fourteen patients with ID (mixed syndromic (S-ID) and nonsyndromic (NS-ID)), for whom medical records were available, were selected to compare the diagnostic costeffectiveness of a genomic pathway over the traditional diagnostic pathway. The proportion of diagnosed families was equivalent to that in the overall ID cohort before reanalysis (36 vs. 33% respectively). A clinical geneticist extracted diagnostic information from patient records. Costs for diagnostic encounters and procedures were determined by estimating staff time and using local salary data for 2016 from the NSW Health Department, 18 alongside procedural and investigation costs listed in the Australian Medicare Benefits Schedule. 19 Single-gene Sanger sequencing, deletion/duplication studies, and biochemical test costs were sought from referral laboratories. WES and WGS costs were obtained from local laboratories (Supplementary Table S1 online).
Total costs for the traditional pathway were calculated and compared with two alternative genomic diagnostic pathways (counterfactual arms): (i) WES available at initial contact with the clinical genetics service, and (ii) WES available at time of initial patient presentation with clinical symptoms that would warrant genomic testing. Genomic diagnostic pathway costs were calculated to include the WES costs, molecular pathology reporting, and data storage. Costs from the traditional pathway were removed if investigations, such as single-gene sequencing, or procedures could have been avoided if WES had been available. Some investigations or procedures were removed if timing of patient diagnosis meant these would have avoided, such as invasive lumbar punctures for diagnostic evaluation.
The average cost per patient, average cost per diagnosis, and incremental cost per additional diagnosis for the WES pathway compared with the traditional pathway were estimated for the initial analysis and 12-month reanalysis, the latter including rephenotyping costs. The uncertainty associated with these estimates was calculated using a bootstrapping methodology to create 1,000 replicated data sets by drawing a random sample of the 14 records, 1,000 times with replacement. The outcomes were then estimated for each replicated data set by generating 1,000 estimates and a distribution. The 95% confidence intervals (CIs) were calculated as uncertainty intervals for each outcome based on these distributions using the percentile method. Results of bootstrapped simulations are presented as scatterplots on cost-effectiveness planes where each point represents the result of each simulation ( Figure 2 ). Analyses were performed in Microsoft Excel and SAS version 9.4.
The cost-effectiveness of WGS over WES was analyzed for a number of hypothetical scenarios with a range of diagnostic rates and WGS costs. WGS costs were calculated similarly to WES, with removal of investigations or procedures from the traditional pathway costs that would have been avoided if WGS were available. It was assumed that WGS and WES were available at initial patient presentation with features warranting genomic testing and that all patients diagnosed by WES would have been diagnosed by WGS. The Monte Carlo simulation method was used to randomize which of the undiagnosed patients after WES would be attributed a diagnosis with application of WGS. The simulation was iterated 1,000 times and 95% uncertainty intervals were estimated based on these data sets.
RESULTS
Cohort description and overall results
A diagnosis was made on initial WES analysis in 11/37 families (30%). Probands had a variety of disorders, the majority with S-ID (49%; 18 families), and the remainder skeletal (13%; 5), hematological (11%; 4), NS-ID (8%; 3), visual (8%; 3), neurological (5%; 2), metabolic (3%; 1), or a syndromal disorder (3%; 1 (Noonan syndrome no ID)). Families included probands (59%; 22 families) with no family history or multiple affected individuals (41%, 15) who were either sibling pairs or intergenerational affected individuals. Sixty-eight percent of referrals were from a pediatric age group. Analysis of families with a single proband was either performed as a trio study (35%; 13 families) or a singleton study (24%; 9 families). In families with multiple affected individuals, usually two affected individuals underwent WES, or in families with proposed X-linked inheritance, two affected male siblings and their mothers who had some similar but less marked features. Greater than 85% of target bases were covered more than 20 times in 70% of patients, with no association between sequencing quality and patient diagnosis (P = 0.16, Welch two-sample t-test).
The diagnostic utility was maximized in trio studies with 46% solved (six families) compared with 22% of singleton referrals (two families). For de novo analysis, trio studies had a marked reduction in the number of filtered variants for review compared with singleton studies. Importantly, filtering using genomic variants from in-house databases, achieved a significant reduction in variants requiring analysis (Figure 1 ) due both to variants not captured by global population databases and potentially due to laboratory artifacts. Families referred with multiple affected individuals also had a lower diagnostic rate (20% from three families). Singleton WES led to an altered clinical diagnosis from a metabolic disorder to a syndromic form of ID (patient 11, Table 1 ). This patient had multisystem disease and developmental delay with a working diagnosis of a mitochondrial disorder, supported by a low complex IV level on respiratory chain enzymology from muscle biopsy. A pathogenic variant in HRAS previously reported in a patient with an attenuated form of Costello syndrome was identified. This clinical phenotype was less recognizable than that observed in other individuals with Costello syndrome and would not have been considered without the WES result. 20 No additional pathogenic variants were identified in mitochondrial disease-related genes.
Reanalysis at a 12-month time point boosts diagnoses
Reanalysis of WES data at 12 months in undiagnosed individuals identified new diagnoses in four families, increasing the overall diagnostic rate from 30 to 41%. Two diagnoses were due to interim publications of new disease-gene associations including PPP2R5D linked to ID and overgrowth 21 and TANGO2 linked to episodic metabolic crises and neurodegeneration 22, 23 (patients 8-10, Table 1 ).
One additional large family with autosomal dominant retinitis pigmentosa had a new finding of a splice-site variant in a retinitis pigmentosa-related gene, PRPF31 (c.527+3A > G; patient 19). Although initial pathogenicity classification was of uncertain significance, consistent segregation studies and additional evidence relating to protein expression resulted in reclassification to likely pathogenic, with planned future pathogenicity review. This variant was absent in the initial WES analysis VCF file, but present at 12-month reanalysis. This was attributed to bioinformatics pipeline improvements, specifically a higher variant detection sensitivity with increased batch size for joint calling.
Following reanalysis of unsolved cases, 54% of trio studies were diagnosed (1 additional family), 44% of singletons (2 additional families), and 27% for multiple affected individuals (1 additional family). This represented an additional 15% diagnosed cases (4 of 26 families) at the 12-month time point. The average time to diagnosis from initial presentation was 12 years 8 months ( Table 1) . Sharing of candidate genes in matchmaker exchange did not result in additional diagnoses.
Cost-effectiveness analysis
The analysis of diagnostic costs and the cost-effectiveness of the counterfactual arms using WES over the traditional pathway utilized cost data from the subcohort of 14 patients with ID. Four patients (29%; 4 of 14 individuals) were diagnosed using the genomic diagnostic pathway with WES at the initial analysis and two additional patients were diagnosed when the variants were reanalyzed at the 12-month time point.
WES was more expensive if available at initial clinical genetics contact compared with the traditional diagnostic pathway (US$6,918 vs. $6,742). However, if WES had been available at the time of initial patient presentation the average cost was lower than the traditional pathway at $6,574 ( Table 2) . Variant reanalysis costs spread across the entire cohort gave an additional average per patient cost of $134 (95% CI: $81; $184). An incremental cost per additional diagnosis was estimated at a cost saving of $77 (95%CI: -$2,990; $7,334) if WES was available at initial patient presentation.
The cost-effectiveness planes (Figure 2 ) demonstrate that WES, if available at the time of initial patient presentation with clinical symptoms, would be dominant (i.e., lower cost with a higher number of diagnoses) compared with the traditional diagnostic pathway for 55% of 1,000 bootstrapped simulations. However, if WES was available at initial contact with the clinical genetic service, it would be dominant for only 38% of 1,000 bootstrapped simulations. Thus, WES, if available at the time of initial patient presentation with clinical symptoms, is more likely to be cost saving.
Hypothetical comparison of WGS with WES
Because the diagnostic yield of WGS in ID is likely greater than WES, 24, 25 we were interested in assessing what additional costs would be required to use WGS over WES to achieve potential additional diagnoses. In the absence of data on WGS diagnostic rates in large cohorts with ID or neurodevelopmental disorders, we modeled WGS costs at various diagnostic rates and decreasing WGS price to identify at what point WGS would become more cost-effective than WES (Figure 3) . At current costs for WGS and a 50% diagnostic rate, the incremental cost per additional diagnosis using WGS over WES was estimated at US$11,553 (95% CI: $3,325; $24,650; Figure 3 , Supplementary Table S2 online) .
Keeping a 50% diagnostic rate, if WGS costs were reduced by 17.9% (95% uncertainty range: 12.8%; 23.6%) there would be no statistically significant difference between the costs of diagnosis using WES and WGS. If the costs of WGS were reduced further, e.g., by 25%, our simulation suggests that there would be cost savings of $4,661 (95% CI: $689; $12,776) per additional diagnosis over WES. (Supplementary Table S2 online details further cost comparisons)
DISCUSSION
We have demonstrated an improved diagnostic success in Mendelian disorders with reanalysis of WES data 12 months after original analysis. On initial analysis, additional diagnoses from WES over the traditional pathway were made in 30%, similar to other studies with unbiased clinical ascertainment, [26] [27] [28] [29] with 41% at reanalysis. This equates to new diagnoses at reanalysis in 15% of the unsolved group, which is similar to a previous report, 11 highlighting the importance of genomic data reinterrogation. With time new disease genes are published, variants may be reclassified, and expanded phenotypic information becomes available. This, combined with improvements to bioinformatics pipelines and filtering strategies, contributes to an increased diagnostic yield, reinforcing the need for reanalysis. One of the key challenges of delivering next-generation sequencing results to patients is the interpretation of variant pathogenicity, 30 particularly for novel variation. Having both expert clinical genomic staff and an in-house database of curated variants are crucial for the effective identification of pathogenic variants and the removal of laboratory-specific artifacts. The reduced diagnostic yield in singleton compared with trio analyses (22-44 vs. 46-54%) was similar to those reported in other studies 31 reinforcing that trio genomic testing is more successful. Variant interpretation for heterozygous calls in a singleton referral remains challenging due to high variant numbers requiring assessment without parental alleles. Although cost saving for reagents, singleton analyses come at an opportunity cost given a three-to fourfold increase in analysis and reporting times (unpublished data).
The importance of phenotype to guide WES analysis
Our experience is that the addition of a multidisciplinary team forum for variant assessment assisted in facilitating more accurate diagnoses and improved patient management. Multidisciplinary team staff included clinical geneticists, genetic counselors, genetic pathologists, scientists, and genomicists who had performed the analyses. Accurate and comprehensive phenotype information was essential for correct and timely diagnosis.
For some referrals, limited phenotypic information inadequately informed the interpretation of filtered WES variants. An example was a singleton patient with phenotypic information limited to vitamin B12 deficiency (patient 2, Table 1 ). A single variant of interest was identified in CUBN, associated with autosomal recessive vitamin B12 deficiency. A copy-number variant on the second allele was not found. At 12-month reanalysis the WES data search was broadened and a heterozygous pathogenic variant was identified in RPS26 associated with Diamond-Blackfan anemia. Clinical record review identified phenotype information unavailable at referral that Diamond-Blackfan anemia had been raised previously as a diagnosis due to continued lack of response to vitamin B12 treatment and a mildly raised red cell adenosine deaminase enzyme level.
Two brothers with ID and progressive spasticity had a homozygous predicted pathogenic variant in TANGO2 (patients 9 and 10, Table 1) identified. Although an initial assessment of the phenotype did not show the expected metabolic features associated with TANGO2 mutations, further clinical follow-up identified episodic weight-bearing difficulties, ataxia, and hypothyroidism. Consultation with international TANGO2 disease experts confirmed a consistent clinical presentation. This was an important new diagnosis to guide management 10 months later when one of the brothers presented with life-threatening rhabdomyolysis requiring intensive care admission.
Genomic diagnoses enable optimized clinical management
Genomic technologies not only provide diagnoses, but similar to the TANGO2 family, there are now many reports describing alteration to patient management. [32] [33] [34] [35] Some diagnoses relate to treatable disorders that can be ameliorated with early therapy, 35 surveillance, or specialist assessment. Therefore the early use of genomic technologies in undiagnosed Mendelian disorders should now be considered best practice. Whether there is alteration to management, the impact of having a diagnosis and identification of the molecular etiology should not be underestimated. Not least of these is the impact on reproductive management including preimplantation genetic diagnosis for conditions with high recurrence or the identification of a de novo pathogenic variant. This is further highlighted by the patient whose alteration of diagnosis from a pure mitochondrial disorder to Costello syndrome shifted the focus from mitochondrial therapy to surveillance and management for cardiac and cancer-related complications known to occur in Costello syndrome. Interestingly, the overlap between RASopathies and mitochondrial disorders has been previously recognized, 36 which may be a feature of mitochondrial dysfunction in these patients due primarily to the Ras-MAPK mutation or contribution of a separate mitochondrial genome variant.
Cost savings when WES applied early
This study has demonstrated that the use of WES at the time of initial patient presentation in a cohort of individuals with ID results in incremental cost savings of approximately $586 for each additional diagnosis compared with the traditional diagnostic pathway through the avoidance of unnecessary diagnostic management. Given these diagnostic cost savings are in an Australian context, greater cost savings may be anticipated in countries with fewer constraints on diagnostic testing such as the United States. 37 Further downstream savings resulting from early diagnoses through WES would be expected such as the cost of altered clinical management, additional life span, and quality of life gained, as well as the ability of families to make informed reproductive decisions. Some families with high recurrence risks may decide not to have another child or may choose options such as preimplantation genetic diagnosis to avoid recurrence. The high management cost for people with ID 38 would not be required for those families making such reproductive choices. While no incidental findings were reported in this study, these could increase costs incurred through additional management, although this may be outweighed by cost savings from earlier diagnoses of treatable disease.
Current studies suggest that while the cost of WGS is higher than WES, it has a higher diagnostic yield. 24, 39 At this time, whether WGS is a cost-effective option compared with WES depends upon the value of obtaining additional diagnoses, particularly because the initial outlay may be offset by downstream cost savings, including recurrence avoidance of diagnoses with high service provision costs such as ID. 37 Further, health providers commonly place increased importance on the upfront costs for diagnostic testing and may consider a small increase in diagnostic rate to be of secondary importance when selecting testing methodologies. Increased WGS diagnostic rates result from more consistent exon coverage and the ability to analyze copy-number variation and the mitochondrial genome. 39 A fall in the cost of WGS would improve the cost-effectiveness of this technology, highlighting the importance of prospective cost-effectiveness studies in clinical cohorts applying WGS in undiagnosed WES cohorts. Two-thirds of this cohort was ascertained from a pediatric age group, enriched for complex medical conditions. Individuals with Mendelian disorders with allelic and phenotypic heterogeneity have been shown to benefit from a genomic approach to diagnosis. The cost savings demonstrated in this study for ID, representing the most common, heterogeneous, and diagnostically difficult group, confirm genomic testing is the diagnostic methodology of choice from an economic perspective. A de novo etiology was identified in the majority of families (11/15, 73%), with clear implications for low recurrence risks.
The average time to diagnosis of 12 years and 8 months reflects the length of the diagnostic odyssey faced by many families who have a child affected by an unknown Mendelian disorder. A diagnosis at presentation through genomic testing, particularly in the context of a confirmed de novo etiology, highlights the importance of adequate clinical resourcing to restore reproductive confidence at a time when family expansion is still practical. The increased diagnostic yield, potential for alteration in diagnosis and disease-specific management, and the cost savings demonstrated in ID also support the need to access and resource genomic testing early in the diagnostic process.
Consideration of the unsolved cohort
Despite WES data reanalysis, 60% of this cohort remained undiagnosed. We expect annual reanalysis of WES data will continue to provide additional diagnoses with an ongoing increased yield of at least 10% per annum if gene discovery continues at the present rate, which may be facilitated by global databases matching candidate genes with new phenotypes. There was a surprisingly low diagnostic yield in families referred with multiple affected individuals, which may be a reflection of the large number of families with male-limited ID (33% of multiple affected families) where etiology could relate to noncoding region variation or other mechanisms missed by WES. The application of WGS may increase diagnoses through improved gene coverage, structural variation calling, and the identification of novel mutation mechanisms in noncoding regions. 40 The ongoing refinement of DNA capture systems, including greater read depth to improve mosaic mutation detection, and bioinformatics pipelines will also be of value to increase diagnostic rates.
Conclusion
In a 12-month reanalysis of WES data in Mendelian disorders, diagnostic yields increased from 30 to 41%. The main contributing factors were accurate phenotyping through close clinical and laboratory collaboration, inclusion of an inhouse variant database, and, most importantly, the identification of new disease genes.
We recommend that in patients with genetically heterogeneous or suspected but undiagnosed Mendelian disorders, genomic testing should be used as a first-line genetic investigation with early involvement of clinical genetics services. Early diagnoses provide cost savings to health systems and these should be leveraged to increase genomic resources for reanalysis after 12 months or when instigated by referrers.
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